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ABSTRACT: Cholinergic medial septal neurons may regulate several
aspects of hippocampal function, including place field stability and spatial
working memory. Monkeys with damage to septal cholinergic neurons are
impaired in visual-spatial conditional learning tasks; however, this candi-
date function of septal cholinergic neurons has not been studied exten-
sively in the rat. In the present study, rats with selective lesions of
cholinergic neurons in the medial septum and vertical limb of the diagonal
band of Broca (MS/VDB), made with 192 IgG-saporin, were tested on a
conditional associative learning task. In this task, which we term “envi-
ronment-spatial” conditional learning, the correct location of a spatial
response depended on the array of local environmental cues. MS/VDB-
lesioned rats were impaired when the two parts of the conditional prob-
lem were presented concurrently, but not when one environment had
been learned before the full conditional problem was presented. Our
findings suggest that cholinergic MS/VDB neurons participate in some
aspects of conditional associative learning in rats. They may also shed
light on the involvement of cholinergic projections to the hippocampus in
modulating and remodeling hippocampal spatial representations.
© 2003 Wiley-Liss, Inc.
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INTRODUCTION

The medial septum and vertical limb of the diagonal band of Broca
(MS/VDB) of the rodent and primate brain contain a large number of
cholinergic neurons that project to the hippocampus (Lewis et al., 1967;
Amaral and Kurz, 1985; Rye et al., 1984). Disruption of the MS/VDB by
neurotoxic lesions or inactivation produces deficits in spatial working mem-
ory (Olton et al., 1978; Rashidy-Pour et al., 1996; Mizumori et al., 1990;
Walsh et al., 1998) and in hippocampal theta rhythms (Bland, 1986;
Vanderwolf, 1969). In contrast, studies with the selective immunotoxin,
192-IgG saporin (Wiley et al., 1991) have provided less conclusive evidence
about a specific role for MS/VDB cholinergic neurons in spatial working
memory function. Some studies have reported impaired spatial working
memory after lesions limited to MS/VDB cholinergic neurons (Walsh et al.,
1996; Shen et al., 1996; Leanza et al., 1996; Janis et al., 1998), whereas
others have reported no impairment after selective loss of MS/VDB cholin-
ergic neurons (McMahan et al., 1997; Chappell et al., 1998; Pang and

Nocera, 1999). In turn, it has been suggested that more
extensive damage to the basal forebrain, beyond the MS/
VDB, is required to produce impairment in spatial work-
ing memory (Wrenn et al., 1999).

This discrepancy is somewhat surprising, given that
electrophysiological recording studies provide strong ev-
idence for a role of cholinergic MS/VDB neurons in spa-
tial memory. For example, Shapiro et al. (1989) recorded
place cell activity while rats with fimbria-fornix lesions
explored an 8-arm radial maze. Hippocampal cells in
these rats, when compared to controls, showed less spatial
specificity, exhibiting place fields that were larger in size
and less consistent across exposures to the maze. In addi-
tion, these rats performed poorly on rotated maze trials in
which they had to use the same extra-maze visual cues to
guide them. The “place fields” of hippocampal neurons
in fimbria-fornix lesioned rats, in contrast, seemed to be
more rigidly fixed to intra-maze cues. As evidence that
these deficits were cholinergic, these investigators grafted
undifferentiated basal forebrain neurons from fetal rats
into the hippocampus of fornix-lesioned rats. The degree
to which the grafts innervated, or connected the medial
septum to the hippocampus, was directly correlated with
the amount of improvement (toward normal place field
structure and behavior) exhibited by each rat. In another
study, MS/VDB quinolinic acid lesions produced a dis-
ruption of hippocampal place cell activity in rats during
8-arm radial maze exploration similar to that caused by
fimbria-fornix lesions (Leutgeb and Mizumori, 1999).
Furthermore, when control and MS/VDB lesion rats
were subsequently put into a novel environment, consist-
ing of the same 8-arm radial maze but with novel visual
cues, the place fields of control rats readily remapped,
whereas the septal lesioned rats had few redistributed
place cells. Thus, it appears that the result of MS/VDB
lesions is an excessively stable place field map. Again, this
difference in neuronal activity corresponded to a differ-
ence in behavioral performance (Leutgeb and Mizumori,
1999). A similar effect on hippocampal place cell activity
was also reported in rats with specific cholinergic medial
septal lesions using 192-IgG saporin (Ikonen et al.,
2002). Although selective cholinergic lesions were not
associated with disruptions in place cell properties (e.g.,
spatial specificity) per se, this study again indicated that
lesioned rats were more likely to maintain an established
representation of a location despite changing environ-
ments. In particular, the septal lesioned rats were less
likely to reorganize place fields despite going from a cy-
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lindrical to a hexagon-shaped container, two visually and geomet-
rically distinct environments. Taken together, these data suggest
that cholinergic input from the MS/VDB to the hippocampus is
not required for formation of place fields, but is required for as-
pects of their modification and remapping.

Although place fields are a representation of specific place, they
do not necessarily reflect the physical space the rat occupies per se,
and should be thought of as memory maps rather than isomorphic
maps of physical space (Shapiro and Eichenbaum, 1999; Eichen-
baum et al., 1999). Hence, the role of cholinergic medial septal
neurons may be in a specific type of spatial memory that requires
rats to use place cell plasticity to “switch” from one environment to
another in order to properly execute a reward-obtaining strategy.
The persistent stability of the medial septal-controlled place fields
in the hippocampus of 192 IgG-saporin lesioned rats may explain
why lesioned rats are not impaired at learning a spatial working
memory rule in only one environment. However, this observation
suggests that impairments would be observed when a requirement
to rapidly switch between place representations is instituted.

Indeed, evidence that the medial septal area is involved in spatial
memory flexibility has come from nonhuman primate studies and
appears to complement rat studies. Marmoset monkeys with exci-
totoxic lesions of the septum/diagonal band or hippocampal area
CA1, or fimbria-fornix section (Ridley et al., 1989, 1991, 1992,
1996), were significantly impaired on a conditional visual-spatial
discrimination task. The visual-spatial conditional discrimination
task consisted of two identical object pairs (AA and BB) that were
presented in pseudo-random alternations. When pair AA was pre-
sented, a choice of the left object of the pair was correct; when pair
BB was presented, the choice of the right object of the pair was
correct. The effect of lesion could be abolished by administering a
cholinergic receptor agonist, pilocarpine (Ridley et al., 1989,
1991), or by fetal cholinergic tissue transplants into either the
fimbria-fornix area itself (Ridley et al., 1992) or the hippocampus
(Ridley et al., 1991). Additionally, specific cholinergic immuno-
toxin (ME20.4-IgG-saporin) lesions of the diagonal band also im-
paired conditional visual-spatial discriminations (Ridley et al.,
1999). However, when the concurrent discrimination task was
prefaced with a period in which the monkeys received alternating
blocks of either stimulus pair, eliminating a requirement for rapid
switching, no medial septal lesion impairment was observed (Rid-
ley and Baker, 1997). We hasten to add, however, that impairment
on visual-spatial conditional discriminations does not always fol-
low damage to the fornix, even when hippocampal lesions produce
impairment on the same tasks (Sziklas et al., 1996, 1998; Sziklas
and Petrides, 2002). This may indicate that there are some condi-
tions under which input to the hippocampus from the fornix is not
required for conditional learning.

Based on the foregoing studies, we hypothesized that a task that
required rats to use two spatial representations concurrently, re-
quiring efficient “switching” of place field maps, would be sensitive
to loss of MS/VDB cholinergic neurons. To this end, we selectively
destroyed the cholinergic neurons in the MS/VDB in rats with
microinjections of 192 IgG-saporin (Wiley et al., 1991; Heckers et
al., 1994) and examined postoperative performance on a condi-
tional visual-spatial associative learning task. The task, which we

term “environment-spatial conditional learning,” used a similar
behavioral setup to that described by Ikonen et al. (2002). Two
environments, an octagon and a cube, were constructed with dif-
ferent visual cues on the walls of each. The location of reward
differed between the two environments. Control and MS/VDB-
lesioned rats were trained on one of the environments and then
introduced to the second environment for discrimination (Exper-
iment 1), or were trained on both environments concurrently (Ex-
periment 2).

MATERIALS AND METHODS

Subjects

Forty-nine male Long-Evans rats from Taconic breeding colony
(Germantown, NY) weighed 300–350 g at the beginning of the
experiment and were housed at 22°C on a 12/12-h light/dark cycle
(lights on at 0800 h). The rats had free access to water and food
until 2 weeks postsurgery. At this point, they were placed on a
restricted feeding schedule to reduce them to 85% of their free-
feeding baseline weight. Each rat was individually housed and han-
dled daily for 10 days before behavioral testing, thus familiarizing
them with their primary handler. Their treatment complied with
federal, state, and local guidelines. The animal facilities at Harvard
University are fully AAALAC-accredited, and all animal protocols
were approved by the Harvard University Standing Committee on
the Use of Animals in Research and Teaching.

Surgery

Rats were divided into two groups: those receiving cholinergic
medial septal lesions (MS/VDB, n � 24) and surgical controls
(CONT, n � 25). Prior to surgery, each rat was deeply anesthe-
tized by an intramuscular (i.m.) injection of a ketamine/xylazine
mixture (80 mg/kg ketamine and 5 mg/kg xylazine; Phoenix Phar-
maceuticals, St. Joseph, MO). They were also given atropine
(0.25–0.3 ml of a 54 mg/ml solution i.p.; Phoenix Pharmaceuti-
cals), to reduce salivation. Additional ketamine (10 mg, i.m.) was
given every 45 min to maintain anesthesia. The rat’s head was then
shaved and placed in a stereotactic headholder (Kopf Instruments,
Tujunga, CA) with the nose bar 3.3 mm below the interaural line.
The skin overlaying the skull was disinfected with povidone-iodine
solution (Betadine). The scalp was cut minimally with a single
incision to expose the skull. Drill holes large enough to accommo-
date a 28-gauge needle were made at �0.45 mm anterior and �0.6
mm lateral to bregma (coordinates taken from Baxter et al., 1995).
In each of these two sites, injections of 192-IgG saporin (0.12
�g/�l; Chemicon, Temecula, CA) for lesion surgeries, or sterile
phosphate-buffered saline for control surgeries, were placed at two
positions: 0.3 �l at �7.8mm and 0.2 �l at �6.2 mm relative to the
skull surface measured at bregma (flow rate 0.05 �l/min, for both).
The needle was left in place for an additional 9 min and 6 min,
respectively, after completion of the injection, to allow the toxin to
diffuse from the injection site. Afterward, the scalp was sutured
with Vicryl 3-0 sutures (Ethicon), and an antibiotic ointment with
pain reliever was applied to the wound. Rats were given intraperi-
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toneal injections of electrolyte fluids (1 ml) for rehydration and
intramuscular injections of Banamine (flunixin meglumine, 0.5
mg in 0.1 ml, Schering-Plough Animal Health, Union, NJ) as an
analgesic. Additionally, Banamine (0.5 mg, i.m. daily) was given
for 2 consecutive days postoperatively, to aid in recovery, and food
was saturated with water to help the animals rehydrate. A mini-
mum of 2 weeks was given for full recovery.

Apparatus

A black Plexiglas cube (1.5 m � 1.5 m) with an open top was
decorated with distinctive visual stimuli on all four of its walls (e.g.,
one face contained a pattern drawn on cardboard and a cloth).
Eight clear plastic cups, 6.5 cm in diameter and 8 cm in height,
filled with Froot Loop-scented bedding, were placed in a symmet-
rical circle 45 cm in diameter in the center of the Plexiglas cube and
arbitrarily numbered 1–8 consecutively. Froot Loop-scented bed-
ding, made by crushing Froot Loops with corncob bedding, was
used so that the rats could not identify the reward cup based on
odor cues. The buried reward, a Froot Loop, was always located in
the cup 2 in the cube environment. A white foamboard octagon,
fitted precisely to the dimensions of the Plexiglas cube, served as a
second set of local environmental cues. The cardboard was also
decorated with unique visual stimuli, different from those in the
cube. When inserted into the Plexiglas cube, it created an octagon
that surrounded the same 8 cups in the center; cup 4 was arbitrarily
chosen to be the reward center in this environment. The octagon
was always inserted into the Plexiglas cube in the same orientation
relative to the cube and to the external environment (Fig. 1).

Pretraining

All rats (CONT n � 25; MS/VDB n � 24) were not previously
used on any behavioral tasks, and were introduced to Froot Loops
in their home cage at least a week prior to testing. Four days prior
to testing, cups filled with Froot Loop-scented rat bedding and
each containing a buried Froot Loop, like those found in the test-
ing apparatus, were put into each rat’s cage in order to teach them
to dig for a reward. Once each rat dug immediately after the cup
was put into the cage, it was habituated to one of the two environ-
ments. Habituation involved five 10-min sessions during which
the rat was allowed to explore the environment freely. No cups
were present during this time. The floor of the environment was
wiped down with 50% ethanol after each session under all condi-
tions. The environment in which the rats were habituated would
go on to be the one in which they were first tested. Habituation and
subsequent initial testing in either the octagon or the cube was
counterbalanced across lesion conditions.

Experiment 1: Behavioral testing procedure

One group of rats (CONT n � 10; MS/VDB n � 10) was first
trained for 7 days (5 trials/day) to find the hidden Froot Loop in
the designated cup in one of the environments (the simple spatial
learning phase-part 1). Each rat was placed facing a different direc-
tion (north, south, east or west) in the center of the circle of cups at
the beginning of each trial. Under all experimental conditions
using cups, cups were rotated randomly after each trial and cleaned
with 50% ethanol after each day of testing. Furthermore, fresh
Froot Loop scented bedding was added to each cup at the begin-
ning of each day to prevent a olfactory cues associated with baited
cups from developing. After 7 days, at which time rats in both
groups were making an average of less than 1 error per trial, the
novel environment was introduced. Rats were trained for a further
8 days (10 trials/day) with both environments presented concur-
rently, 5 trials of each environment on each day, pseudo-randomly
varied across trials (the conditional discrimination). Digging was
defined as the rat using both front paws to sift through the scented
bedding. Errors were recorded as cups in which the rats dug in with
both paws, but did not contain a Froot Loop. Revisits to incorrect
cup were not scored as errors. Because the rats were allowed to visit
cups until they located the correct one, we viewed revisits to incor-
rect cups as analogous to correction trials; furthermore, this proce-
dure was intended to limit any apparent lesion effects to discrim-
ination performance. Repeat visits to cups were rare except on the
first day of behavioral testing; this scoring procedure also avoided
distortion of learning curves from the first day of training, while
the rats were still becoming familiar with testing.

Experiment 2: Behavioral testing procedure

A second group of rats (CONT n � 15; MS/VDB n � 14)
began testing in the conditional discrimination phase, without
learning the discrimination in a single environment first. This
design was identical to Experiment 1, except that the 7 days of
training in a single environment were omitted. Rats were trained
for 10 trials/day for 8 days with the square and octagon environ-

FIGURE 1. Behavioral testing apparatus for Experiments 1 and
2. A: The eight circles in the center of the black floor designate the
cups filled with Froot Loop-scented bedding. The rat would always
begin a trial in the center of the eight cups and the orientation in
which he was put in varied in a pseudo-random order. In this envi-
ronment, cup 2 always contained the food reward. B: Eight-panel
white foamboard piece that was inserted into the free-standing Plexi-
glas cube to make the “octagon” environment. In this environment,
cup 4 always contained the food reward. The eight-panel piece was
always placed in the cube with the same orientation.
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ments pseudo-randomly varied across trials. Again, each rat was
placed facing a different direction (north, south, east, or west) in
the center of the circle of cups during the initiation of each trial,
and error recording was identical to that in Experiment 1. In both
experiments, the dependent variable was the total number of errors
committed during each session of testing. Repeat visits to a cup
during a trial were not counted as additional errors.

Histological Analysis

Some of the rats in these experiments participated in another
behavioral study after the experiments reported here, but prior to
sacrifice; rats were euthanized between 3 and 9 months postsur-
gery. Rats were given a lethal dose of Nembutal (100 mg/kg, Ab-
bott Laboratories, North Chicago, IL). After induction of terminal
anesthesia, the rat was transcardially perfused with 0.9% saline for
5 min, followed by 4% freshly depolymerized paraformaldehyde in
0.1 M phosphate buffer for 20 min, both at a flow rate of 18
ml/min. The brain was then extracted and immersed in 4% para-
formaldehyde for another 2 h. Afterward it was immersed in 20%
sucrose solution for 3 days.

After 3 days in sucrose, 60-�m coronal sections through the
MS/VDB were taken on a freezing-sliding microtome and stored
in 0.1 M phosphate-buffered saline (PBS) until staining. All cases
were processed for choline acetyltransferase (ChAT) immunohis-
tochemistry to detect the presence or absence of cholinergic neu-
rons in the MS/VDB. A limited number of cases (MS/VDB n � 2,
CONT n � 2) were also processed for parvalbumin immunohis-
tochemistry, to confirm the selectivity of the immunotoxic lesion.

(Because we routinely find that immunotoxic lesions in our labo-
ratory do not damage parvalbumin-immunoreactive MS/VDB
neurons, we did not consider it necessary to perform the second
stain on all cases. Furthermore, any nonspecific damage or tissue
necrosis that might be observed could be detected in the ChAT-
immunostained sections.) Immunohistochemical procedures used
goat polyclonal anti-ChAT (Chemicon AB144P, Temecula, CA)
or mouse monoclonal anti-parvalbumin (Sigma Chemical, St.
Louis, MO) primary antibodies and followed standard avidin-bi-
otin complex staining procedures (e.g., Berger-Sweeney et al.,
2000; Cahill and Baxter, 2001).

RESULTS

Immunohistochemical Analysis

All MS/VDB-lesioned animals included in this study had com-
plete medial septal cholinergic lesions as verified by ChAT immu-
nostaining (cf. staining in control rats, Fig. 2A, to staining in
MS/VDB-lesioned rats, Fig. 2B). Lesions for all rats included in
the two experiments were of similar extent, comprising cholinergic
neurons throughout the rostrocaudal extent of the MS/VDB. Al-
though we did not perform any quantitative neurochemical anal-
yses on rats from these experiments, the lesions were similar in
extent to those in other studies from our laboratory in which quan-
titative analyses were performed, which confirmed a massive de-
pletion of cholinergic enzyme activity in hippocampus (�80%;
e.g., Cahill and Baxter, 2001). Neither control nor lesion rats had

FIGURE 2. Immunohistochemistry for choline acetyltransferase
(ChAT; A,B) and parvalbumin (C,D) in control (A,C) and medial
septum and vertical limb of the diagonal band of Broca (MS/VDB)-
lesioned (B,D) rats. The MS/VDB is devoid of cholinergic neurons in

192 IgG-saporin lesioned rats (B), compared to control rats (A). Parv-
albumin immunostaining is intact in the MS/VDB of lesioned rats
(D), supporting the specificity of 192 IgG-saporin lesions for cholin-
ergic neurons. The scale bar in A (20 �m) applies to all panels.

F2
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damage to adjacent brain areas containing cholinergic neurons,
such as the caudate-putamen. Staining for parvalbumin-immuno-
reactive (GABAergic; Freund, 1989) neurons in the MS/VDB was
indistiguishable between control (Fig. 2C) and MS/VDB-lesioned
(Fig. 2D) rats. This verifies the cholinergic specificity of 192 IgG-
saporin.

Experiment 1: Single environment learning

There was no significant difference between control and MS/
VDB-lesioned rats in learning the location of the reward in the
single environment (Fig. 3A). A two-way analysis of variance
(ANOVA) with lesion as a between-subject factor and session as a
within-subject factor revealed a significant effect of session
(F(6,108) � 30.32, P � 0.0005) but no effect of lesion (F(1,18) �
0.35, P � 0.56) or session by lesion interaction (F(6, 108) � 0.92,
P � 0.48). To confirm the absence of a lesion effect we also com-
pared the average number of errors per session for control and
MS/VDB-lesioned rats, which also revealed no differences be-
tween the groups (�t�s(18) � 1.27, P � 0.22). We also compared
performance between the two environments, which revealed no
overall effect of environment (F(1, 18) � 0.072, P � 0.79) or
environment by session interaction (F(6, 108) � 0.948, P �
0.434). Neither of these effects interacted with lesion (session by
lesion F(6,96) � 1.02, P � 0.41 and environment by lesion
F(1,16) � 0.001, P � 0.98). Hence, there were no differences
based on whether the cube or octagon was the initial training
environment.

Experiment 1: Conditional associative learning

When a novel environment was introduced concurrently with
the previously learned environment to provide a conditional dis-
crimination, no lesion effect on conditional associative learning
was seen (Fig. 3B). A two-way ANOVA, with session as a within-
subject factor and lesion as a between-subject factor, showed no
significant effect of lesion (F(1, 18) � 0.06, P � 0.802). Again, an
overall effect of session (F(7, 126) � 31.83, P � 0.0005) and no

overall session by lesion interaction (F(7, 126) � 1.23, P � 0.297)
was seen, demonstrating that both groups of rats learn over subse-
quent sessions at the same rate.

In order to investigate the types of errors made by the MS/VDB-
lesioned rats, we looked at the errors made on either the old or the
new environments during each day of the discrimination. (Because
of a data recording error, we could only analyze the first 6 days of
discrimination performance.) A three-way ANOVA, with session
and old/new environment as within-subjects factors and lesion as a
between subject factor, again revealed no significant effect of lesion
(F(1,18) � 0.011, P � 0.92) and, more importantly, no old/new
by lesion interaction (F(1,18) � 0.033, P � 0.859) or old/new by
lesion by session interaction (F(5,90) � 1.21, P � 0.313). Main
effects of session (F(5,90) � 29.85, P � 0.0005) and old/new
(F(1,18) � 15.03, P � 0.001), and an interaction of old/new by
session (F(5,90) � 6.312, P � 0.0005), were significant as ex-
pected. Hence, when the conditional task was introduced, control
and lesioned rats performed comparably in the old environment, as
well as in the new environment, although both control and le-
sioned rats perform better on the old environment during the first
day. As a result, there was no suggestion that performance of le-
sioned rats was differentially disrupted in the new environment, as
might be expected (Fig. 4).

We also investigated whether MS/VDB-lesioned rats had a ten-
dency, when placed in the new environment on day 1 of condi-
tional learning, to dig in the location of baited cup for the old
environment. This would suggest that they are more likely to rely
on a place map developed during initial training when the condi-
tional discrimination is introduced. A t-test demonstrated no sig-
nificant difference between the number of times control and MS/
VDB-lesioned rats dug in the old baited cup (control mean �

FIGURE 3. Results of Experiment 1. A: Single-environment
learning. Medial septum and vertical limb of the diagonal band of
Broca (MS/VDB)-lesioned and control rats learn the location of re-
ward in a single environment at similar rates. B: Conditional discrim-
ination. When a second environment is introduced, MS/VDB-le-
sioned and control rats learn the environment-spatial discrimination
at similar rates.

FIGURE 4. Comparison of errors in old (pretrained) and new
environments in the conditional discrimination phase of Experiment
1. Control and medial septum and vertical limb of the diagonal band
of Broca (MS/VDB)-lesioned rats make more errors initially in the
new environment, as would be expected, and there is no differential
effect of lesion in performance in either old or new environments.
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2.70, SEM � 0.684; MS/VDB mean � 3.80, SEM � 0.663;
t(18) � �1.55, P � 0.26). Hence, it appeared that MS/VDB-
lesioned rats were not disproportionately influenced by place re-
sponses developed during initial learning when a new set of envi-
ronmental cues was introduced, which directed them to search in a
different location.

Experiment 2: Conditional associative learning

In contrast to rats that were trained on one of the two environ-
ments before encountering the conditional discrimination, there
was a significant lesion effect when rats were given concurrent trials
in both environments without pretraining on a single environment
(Fig. 5). MS/VDB-lesioned rats were impaired relative to control
rats in performing the discrimination, and learned more slowly
relative to control rats. A two-way ANOVA, with lesion as a be-
tween-subject factor and session as a within-subject factor, revealed
that there was a significant effect of lesion (F(1, 27) � 6.74, P �
0.015), a significant effect of session (F(7, 189) � 42.30, P �
0.0005), and a significant session by lesion interaction (F(7,
189) � 2.88, P � 0.007).

To examine the possibility that MS/VDB-lesioned rats simply
performed as well as controls on one environment and were im-
paired relative to controls on the other, rather then being impaired
on both, we grouped the errors each rat made into the two different
environments. We then determined which environment was each
rat’s “best” and “worst,” based on the mean across all days for each
environment. (Because of a data recording mechanical malfunc-
tion, the types of errors that 5 rats made on day 2 were missing,
thus precluding their inclusion in this analysis and in turn making

our n � 24 for this particular measure.) A three-factor ANOVA,
with lesion as a between subject factor, session as a within subject
factor and best/worst as a within subject factor revealed an overall
lesion effect (F(1,22) � 5.03, P � 0.035), an overall effect of
session (F(7,154) � 47.43, P � 0.0005) and a session by lesion
interaction (F(7,154) � 6.534, P � 0.0005). Furthermore, as
expected, there was an overall effect of best/worst environment
(F(1,22) � 28.175, P � 0.0005) but no best/worst by lesion
interaction (F(1,22) � 0.205, P � 0.656), indicating that the
difference between best-performing and worst-performing envi-
ronments is comparable between MS/VDB-lesioned and control
rats. There was also no significant best/worst, session, and lesion
interaction (F(7,154) � 0.375, P � 0.916), indicating that the
difference in learning between the “best” and “worst” environ-
ments is the same for MS/VDB-lesioned and control rats (Fig. 6).
In addition, both control and lesioned rats found each of the two
environments, octagon or cube, equally difficult. That is there was
a similar number of lesion (7) and control rats (6) that did “worse”
in the cube or “worse” on the octagon environment (lesion � 7,
control � 7). One should note that two control rats had an equal
number of average errors per trial for both. Hence, MS/VDB-
lesioned rats perform poorly relative to controls in both environ-
ments, and are not able to master one of the two components of the
conditional problem.

DISCUSSION

The present study demonstrates that selective lesions of MS/
VDB cholinergic neurons in rats impairs environment-spatial con-
ditional associative learning when rats are required to acquire both

FIGURE 5. Results of Experiment 2. When the environment-
spatial conditional discrimination is introduced without the rats be-
ing pretrained on one of the two environments, medial septum and
vertical limb of the diagonal band of Broca (MS/VDB)-lesioned rats
are impaired in simultaneously learning the location of the food re-
ward in two different environments with different visual cues.

FIGURE 6. Comparison of errors in “best” and “worst” environ-
ments in the conditional discrimination in Experiment 2. When each
rat is assigned a “best” and “worst” environment based on overall
errors in the two environments composing the conditional discrimi-
nation, an effect of lesion on performance in both environments is still
observed.
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components of the conditional problem simultaneously. However,
when rats are pretrained on one component of the conditional
problem before being required to perform the discrimination si-
multaneously, MS/VDB cholinergic lesions are without effect.
This suggests that although MS/VDB cholinergic neurons play an
important role in conditional associative learning, rats with these
lesions are capable of applying a conditional rule to solve an envi-
ronment-spatial conditional problem. Our study further confirms
that the function of MS/VDB cholinergic neurons is similar in rats
and monkeys, because lesions of these neurons in both species
produce impairments in visual-spatial conditional learning (Ridley
et al. 1996, 1999; Ridley and Baker 1997).

MS/VDB-saporin lesions were without effect on learning a re-
warded location in a single environment, consistent with many
other studies in rats (Baxter et al., 1995; Bannon et al., 1996; Pang
and Nocera, 1999; Cahill and Baxter, 2001). Navigation in this
study, as in others, could not be supported by a simple egocentric
strategy because rats were put into the testing apparatus facing in
different directions. As mentioned previously, perhaps the reason
the effects of MS/VDB cholinergic lesions have not been seen in
such single environment tasks is because such tasks do not require
that the rat use two place fields interchangeably. Consequently, our
results from the concurrently learned discrimination (Experiment
2) seem to confirm that cholinergic MS/VDB neurons are neces-
sary for spatial memory tasks that require the rat to switch reliably
from one environmental “map” to another during learning, which
requires efficient hippocampal place field re-mapping. Further-
more, this hypothesis may explain why fornix lesions sometimes
spare conditional learning in rats (Sziklas et al., 1998; Sziklas and
Petrides, 2002). In these tasks, the rats are performing a condi-
tional discrimination (spatial-visual or visual-spatial) in a single
environment, in which a single spatial map can be formed, because
the spatial cues available to the rat are the same in both parts of the
conditional problem.

The question remains of what benefit pretraining on one com-
ponent of the conditional problem could have on the place fields of
MS/VDB-lesioned rats, allowing these rats to perform the condi-
tional discrimination normally. That is, it is unclear why pretrain-
ing on one of the environments would have eliminated a require-
ment for remapping of place fields, or switching between
environmental “maps.” Based on an electrophysiological recording
experiment by Ikonen and colleagues (2002), which showed that
rats with MS/VDB-saporin lesions have overly stable hippocampal
place fields, we expected to find an impairment in these rats on
concurrently learned conditional visual-spatial discriminations be-
tween two environments, regardless of whether rats had been pre-
trained on one environment or not. It is possible that when one
environment or condition is learned first as a simple visual task, its
requirement on place field representations differs.

Insight into this pattern comes from a recent study by Lever et
al. (2002), which seems to explain more accurately the discrepancy
between visual-spatial conditional discrimination with and with-
out pretraining. Lever et al. (2002) recorded from the CA1 region
of the rat hippocampus and showed that rats exposed to two geo-
metrically different environments start off with similar place fields

for both environments that, over time, diverge into two distinct
place field maps. Once learned, divergence is even maintained after
long delays. Indeed this divergence is seen as early as 5 days after
concurrent exposure to both environments, which is consistent
with our experimental time frame for control rats. It seems that in
our study MS/VDB-lesioned rats are impaired in accomplishing
this divergence when two geometrically, and visually, distinct en-
vironments must be learned and discriminated simultaneously.
Neither environment has an advantage, so MS/VDB rats are not
simply using one set of place fields that will predict the reward in
one environment only.

This divergence-specific impairment hypothesis also suggests an
explanation for why MS/VDB-lesioned rats are not significantly
impaired on environment-spatial discrimination after pretraining
on one environment. In studies in which a novel environment was
introduced after a familiar environment was well learned, place
fields initially destabilized in both control and MS/VDB-lesioned
rats (Ikonen et al., 2002). Although the representation of the new
environment formed by MS/VDB-lesioned rats showed similarity
to that of the old environment, whereas control rats showed no
such correlation, it is possible that the destabilization of place fields
produced by the introduction of the new environment provides a
sufficient cue to utilize the differences in the representations of the
new environment to guide performance. Consistent with this view
is that our MS/VDB-lesioned rats pretrained in one environment
did not continue to search in the rewarded location from the pre-
trained environment any more than control rats when a new envi-
ronment was introduced (Experiment 1). Clearly, this is a testable
hypothesis via electrophysiological recording in hippocampus of
rats with and without MS/VDB-cholinergic lesions that are ex-
posed to two geometrically distinct environments in tandem. Sim-
ilarly, we can probably discount the hypothesis that interference
from previously established place fields is greater in MS/VDB-
lesioned rats, because learning of the discrimination in one envi-
ronment did not impair subsequent learning of the new discrimi-
nation when the full conditional problem was presented.

An alternative explanation of our result is that MS/VDB cho-
linergic lesions simply increase sensitivity to interference from
learning two problems concurrently, regardless of an effect on
place field properties specifically, or the extent to which place field
representations govern choice behavior in the discrimination prob-
lem. It is not clear that this explanation is necessarily mutually
exclusive of the place field hypothesis. Indeed, effects of MS/VDB
cholinergic lesions on place field properties might provide a mech-
anism for MS/VDB lesion effects on this kind of interference.

Our finding suggest that alterations in place field plasticity fol-
lowing loss of cholinergic projections to the hippocampus may
have a specific behavioral consequence, although perhaps one that
is limited to an impairment in divergence between place fields
rather than novel place field mapping. Furthermore, they help
clarify the specific role of cholinergic medial septal neurons in
spatial memory in rats. Because noncholinergic septal inputs to the
hippocampus appear sufficient to sustain spatial memory (Baxter
et al., 1995; Pang and Nocera, 1999; Cahill and Baxter, 2001), it
appears that the cholinergic neurons are specifically needed to al-
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low the divergence of place fields and efficiently form two distinct
maps from one. MS/VDB-lesioned rats seem to retain the ability to
switch back and forth between the representations of two environ-
ments efficiently when a stable map is formed for one of the envi-
ronments before the second is introduced. These findings may also
provide a new behavioral system in which to examine the conse-
quences of cholinergic depletion on hippocampal information pro-
cessing, as well as the consequences of alterations in hippocampal
place cell activity for spatial cognition.
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